We propose a new scheme for multiple antenna transmission in the context of spread spectrum signaling. The new scheme consists of using shifted Gold sequences to modulate independent information on the multiple antennas. We show that this new scheme greatly improves the throughput over currently known multiple-antenna methods. We also find the optimal power allocation strategy among multiple transmit antennas for a fixed feedback rate.
1: Preliminaries
Multiple antennas are vital for downlink communications in future cellular systems to achieve higher bit rates and better quality of services. Wideband code division multiple access (CDMA) has been universally accepted as the preferred modulation scheme for the next generation cellular systems.
In this paper, we propose a new spreading method for multiple antenna transmission. We show that using different phases of the same spreading code on different antennas provides us with better performance and modulating independent information provides higher throughput.
It is well known that Gold codes have good crosscorrelation properties [3]. They are designed so that circularly shifted codes have low cross-correlation with the unshifted ones. We use this property to increase the throughput of the system without decreasing the number of users the system can support.
New Transmission Scheme
We consider the downlink case where the base station sends independent information to different mobiles. We assume the receiver can track the fading corresponding to signals coming form different antennas. We confine ourselves to direct sequence CDMA and use Gold codes for spreading purposes. In our scheme, we transmit two independent bit streams for each user through the two antennas, using different phases of the same spreading code. Hence we maintain the number of spreading codes available for different users the same as in the single antenna case. We assume the total transmit power allocated to a particular mobile is P. When no feedback information about the fading is available at the transmitter, by symmetry, the bits on both the antennas receive half the power, that is each gets PJ2. Also as the spreading length is kept unchanged, we maintain the Global Telecommunications Conference -Globecom'99 0-7803-5796-5/99/Sl0.00 0 1999 IEEE same bandwidth as in single antenna case.
The model of our new scheme is given in Figure  1 . The transmitted signal on antenna j at time i is given by N k=l where P k j , S k j , b k j i denote respectively the power, the spreading code and the bit belonging to the kth user modulated on the j t h antenna at time i. Note that the new scheme with, say, two antennas will have S k l as a Gold code, Sk2 as the same Gold code shifted by a predetermined amount. Also, we will have P k l = P k 2 = P / 2 The received signal at a particular mobile, is then given by
where Aji is the fading amplitude at time i between antenna j and the mobile, ni is the additive white Gaussian noise with variance g2.
Since there are multiple users in the system, the mobile receiver uses a bank of chip matched filters followed by a decorrelator to extract its own information. We assume that the same diversity technique is used for all the mobiles. We analyze the system using a simple one shot decorrelator detector [7]. However we feel that the performance of our scheme will be similar with other detectors such as MMSE. . Without loss of generality, we consider two transmit antennas and one receive antenna for all our analysis. In OTD, each user uses two different orthogonal spreading codes for transmission on the two antennas. To maintain the number of spreading codes available for each user the same as in single antenna case, the length of the spreading code is doubled. In TSTD, the same spreading code is used on both the antennas but at each time instant only one antenna is used.
Performance Analysis
The transmitter switches between the antennas in a preassigned manner.
In STD (also called maximal selection) the transmitter uses feedback information from the mobile. This feedback consists of 1 bit of information and indicates which of the two antennas has lower attenuation at every symbol instant. The transmitter then chooses the antenna with lowest attenuation to transmit the information.
A simple capacity analysis shows that OTD and TSTD have the same average throughput as a simple single antenna scheme. The main reason is the identical distribution of the fading process over the two antennas. Hence for the remainder of the paper, we will only provide comparisona with the single antenna scheme and maximal selection. The probability of bit error [7] in the single antenna and maximal selection case are given, respectively, by where R;j = s:sj; i , j = 1,. . . , N , si is the.spreading code of the it" user, P is the total power allocated to the particular mobile. Note that R is N x N where N is the number of users. For the new scheme the probability of bit error, for the two independent bit streams transmitted on the two different antennas are given by
Note that in the new scheme R incorporates the shifted as well as the unshifted spreading codes and has size 3N x 3 N .
We compute the throughput of each system by modeling the channel between each antenna and the mobile as a Binary Symmetric Channel (BSC) with crossover probabilities given by the appropriate probabilities of error. The throughput of the single antenna case and in the maximal choosing case are given by
C t h r o -s i n g l e = E[1 -H ( P e ) ] C t h r o -s t d = E[1 -H ( P e -s t d ) ]
where H(p) is the binary entropy function [l] and the expectation is over the fading process. In the new scheme, since independent bits are transmitted through the two antennas, the throughput of the system is given by
We plot the throughput for the single antenna, maximal choosing and the new scheme in Figure 2 for 5 users using Gold codes of length 31 under Rayleigh fading. We assume that the fading processes between the two transmit antennas and the receiver, that is AI and A2 are independent and identically distributed. The figure shows that our scheme per- forms very well at high SNR. Although the performance deteriorates for low SNR's we feel that in the range of SNR's required for normal operating bit error rates, the performance is satisfactory.
As the correlation between the antennas increases, the performance of maximal selection approaches the single antenna case, whereas our scheme has higher throughput. The fact that our scheme is better than even maximal selection could be surprising at first. However this is in keeping with the arguments provided in [2] where it is proved that higher capacity is possible by having N users at spatially different locations than having one user of N times the power. Although the above argument was made for the uplink case, we could consider the two antennas at the base station to represent different users with powers P / 2 . This would be better than having one user at power P on one of the antennas alone. For the new scheme, the probability of outage, is given by the probability that the instantaneous rate falls below some specified rate R. The probability of outage can be expressed as:
We would like to compare this to the probability of outage for the single antenna and maximal choosing under independent Rayleigh fading on the two antennas. Note that for R r l , single antenna and maximal choosing have Pout = 1, whereas the new scheme can still support rates higher than 1 bit/transmission. For R<1, the maximal choosing has the advantage of knowing the best antenna and thus being less susceptible to variations. However, this comes at the expense of 1 bit of feedback from the mobile receiver.
It is interesting to observe the sensitivity of maximal choosing to errors in the feedback. In Figure 3 , we plot Pout vs SNR for R = 0.9 for single antenna, maximal choosing, maximal choosing with 10% error and the new scheme. We observe that maximal choosing is quite susceptible to feedback errors and for high SNR the new scheme has better performance than maximal choosing with feedback errors.
Coded Schemes
In the previous section we showed that the new scheme is capable of supporting higher rate information transmission. Alternatively, we can keep the data rate constant and use the new scheme to improve the probability of bit error. We consider a Global Telecommunications Conference -.Globecom'99 simple 'outer' coding scheme in which the data that was transmitted in the single antenna case which is already coded is passed through a rate 1/2 convolutional encoder. We multiplex the resulting coded bit stream and send it on the two different antennas using the new transmission scheme. The plot Figure  4 . The results indicate that our scheme performs very well as compared to the single antenna case. This shows that the increased dimensionality due to the presence of multiple antennas can also be used to provide stronger channel coding. Also when compared to maximal choosing our scheme performs well for high SNR. As the feedback error increases in maximal choosing, the performance becomes worse than the new scheme for lower SNR's as well. In the case of the original bit stream being channel coded one can get even better performance from the new scheme by combining the channel coding that is already present with the 'outer' coding.
Optimal Power Allocation
An analysis of Figure 2 shows that for low SNR values maximal choosing performs better than the new strategy whereas for high SNR the performance comparison is reversed. One way to understand the difference between these two schemes is to consider the power allocated to the two antennas in the two cases. In maximal choosing the power allocated to the two antennas is either [P,O] or [O,P], whereas in the new scheme it is [P/2, P/2]. We proceed to find the optimum power allocation to the two antennas [aP, (1 -a) P], 0 5 a 5 1 based on 1 bit of feedback information from the mobile receiver.We assume that this 1 bit of feedback will inform the transmitter about which antenna has lower attenuation. Note that maximal choosing corresponds to a = 1 or 0 whereas the new strategy (which was designed for a no-feedback case) has cy = 1/2. For this optimization we assume the modulation is restricted to BPSK.
The total throughput in this case is given by
where a is the power allocated to the 'good' antenna.
The optimum value of a is dependent on the operating SNR of the system and is shown in Fig. 5 for the case of antennas correlated by 0.75. The plot of the performance characterized by the throughput is given in Fig. 6 We observe that for low SNR the opti- tennas for a non-orthogonal system for various SNR mal power allocation scheme gives considerable gain over equal power allocation to the two antennas. In fact the optimizing a is 1 which corresponds to maximal choosing. However, we would like to stress once again that this comes at the expense of 1 bit accurate feedback from the receiver to the transmitter. As the SNR increases, this value of the maximizing a decreases. Asymptotically as the SNR reaches infinity, the maximizing a reaches zero. This can be easily explained by the fact that the marginal gain is more in the 'worse' antenna for high SNR because of the concavity of the performance curve as a function of SNR. We also observe that even though maximizing a is different than 1/2 for large SNR, the performance obtained by a = 1/2 (as suggested by our new strategy) is very close to optimal. Of course, choosing a = 1/2 requires no feedback, and hence is -a lower complexity strategy. 
Summary
We have proposed a new scheme for transmitting independent information on multiple antennas using different phases of Gold codes on different antennas. This scheme can also be applied to the case of higher number of antennas to get even more improvement in throughput and outage. Note, however, that this might increase the hardware complexity. The new scheme can be easily disabled if the mobile does not support extra processing by reallocating the power between the two phases of spreading codes.
In practice, although the two antennas at the base station are physically separated, the fading processes might still, have some correlation. We have shown that the new scheme performs well for correlated fading as well. We expect the performance of this scheme using other kinds of detectors like MMSE to show similar trends. We have also found the optimal power distribution strategy amongst multiple antennas.
